Abstract. Aggressive cancer cells show histological similarities to embryonic stem cells. As differentiated cells can re-acquire pluripotency and self-renewal by transfection with the transcription factors OCT4, SOX2, KLF4 and MYC, with Nanog as readout for success, we comprehensively investigated their occurrence and frequency in human astrocytomas of different malignancy grades, primary and matched recurrent glioblastomas, short-and long-term glioblastoma cultures and glioma cell lines. Among astrocytomas, mRNA expression of OCT4, MYC and (less robust) KLF4 increased with malignancy, while in recurrent glioblastomas MYC expression slightly decreased. Correlation analysis revealed distinct positive correlation between distinct stem cell markers, and this effect was most prominent in the recurrent glioblastoma cohort. In situ, embryonic stem cell factors were found also in more differentiated tumor regions. Respective cells were rarely actively proliferating and showed single or combined expression signatures, which, at least in parts, corresponded to observed positive correlations of mRNA expression. However, a 'master-marker' defining the complete glioma stem cell subset could not be confirmed. In glioma cell lines, long-and short-term cultures, embryonic markers were detected at comparable levels. Upon exposure to temozolomide, increased expression of KLF4 (and lesser Nanog and OCT4) was observed. Experimental intrinsic overexpression of SOX2, KLF4 or OCT4 did not affect the other stem cell factors. The embryonic stem cell factors comprehensively investigated in this project can control self-renewal and pluripotency, and therefore tumorigenicity. They should be considered for the development of future diagnostic and therapeutic strategies.
Introduction
Gliomas account for approximately 70% of all human primary brain tumors in adults, with astrocytomas representing the largest group (1) . According to increasing malignancy, astrocytomas are classified into pilocytic astrocytomas (WHO grade I) and malignant astrocytomas grade II, III or IV (2, 3) . Due to its largely heterogeneous phenotype, the most aggressive grade IV tumor, with a patient's median survival time of only 12-15 months, was historically termed glioblastoma multiforme (GBM) (4, 5) , accompanied by the idea that gliomas may arise from immature precursor cells of the nervous system ('glioblasts').
Following the mayor concepts of the cancer stem cell theory (reviewed for example in ref. 6 ), the expression, regulation and functional role of stem cell markers has been widely investigated. For gliomas, the expression of stem/progenitor cell markers like CD133, Musashi-1, Nestin, Nanog and PDGFR has been described by us and others (7, 8) and reviewed (9) . Additionally, glioma cells with stem cell properties have been isolated from tumor samples or established glioma cell lines, based on the expression of stem cell markers (e.g. CD133) or their ability to survive under defined stem cell conditions, and have been investigated in vitro and in vivo concerning their tumor-initiating potential, migratory and proliferative capacity and resistance to chemo-and radiotherapy (reviewed in ref. 10) .
In general, the concepts of how cancer stem cells gain their ability to self-renew and proliferate are hardly understood. One reason could be the re-acquisition of embryonic properties enabling pluripotency, which might be comparable to the reprogramming of differentiated somatic cells to induced pluripotent stem cells (iPSCs) by introduction of embryonic stem cell transcription factors. This experimental procedure was firstly described by Takahashi and Yamanaka (11) , who introduced 24 candidate factors by retroviral transfection into murine fibroblasts. Based on these candidates, they were able to show, that the combination of four factors, OCT4 (octamer binding transcription factor; synonyms Oct3, POUF5), SOX2 (sex determining region Y-box 2), MYC and KLF4 (Krüppel-like factor 4), efficiently induced a reprogramming of the somatic fibroblasts yielding pluripotent iPSCs (11, 12) . OCT4, MYC, KLF4 and SOX2 as well as the readout for efficient reprogramming, Nanog (Tir nan Og), are transcription factors that regulate the expression of a multitude of genes downstream. They are all involved in the maintenance and regulation of stem cells at same and different time-points of development (13) (14) (15) (16) (17) (18) (19) (20) . Their expression has also been reported in cancer, being predominantly expressed by the cancer stem cell population (21) (22) (23) (24) (25) (26) (27) (28) .
Nevertheless, whether gliomas originate from a malignantly transformed stem/progenitor cell or if stem cell properties (and marker expression) are regained within the process of malignant transformation of e.g. differentiated glial cells is still unclear.
Thus, to evaluate whether one of the mentioned stem cell markers or transcription factors involved in maintenance and regulation of stem cells could probably be identified as a 'master marker' during glioma progression and recurrence, we investigated their particular transcription in human astrocytomas of different malignancy grades and matched primary and recurrent glioblastoma samples. We also analyzed the correlation between gene expression patterns, showed their intratumoral localization and proliferative state [related to GFAP (glial fibrillary acidic protein) distribution, an astroglial marker, and MIB-1/Ki-67, a proliferation marker], compared their co-expression amongst each other and with the neural stem cell marker Musashi-1 [Musashi homolog-1 (Drosophila)], and analyzed their regulation upon extrinsic chemotherapeutic stress and intrinsic overexpression of SOX2, KLF4 and OCT4 in vitro. All genes of interest were normalized to the house-keeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) yielding ∆C T values: C T (gene of interest) -C T (GAPDH). As ∆C T values mirror the exponential course of the PCR, a ∆C T of 3.33 corresponds to a 10-fold lower expression compared to GAPDH, a ∆C T value of 6.67 corresponds to a 100-fold lower expression and so on. For statistical analysis, the relative gene expression compared to GAPDH (2 -∆CT ) was employed. To include undetectable samples in mean expressions, these sample values were defined as 21 (= ∆C T that would be obtained after the maximum cycle number). The expression differences between primary and recurrent glioblastomas were calculated as n-fold ∆∆C T values = 2 -∆CT primary -DCT recurrent and displayed in a grey shade encoded manner. A relative expression value of 1 (equal expression in primary and recurrent tumor) was assigned to 30% grey. Expression values >1 (higher expression in recurrent than primary tumor) were assigned with increasing grey shading, reaching black at 3-fold (or higher) induction. Expression values <1 (indicating lower expression in recurrent than primary glioblastomas) were assigned with lighter grey shadings, increasing to white shading for values reaching 0. The induction of gene expression upon stimulation is displayed as relative gene expression, n-fold expression changes were calculated as ∆∆CT values = 2 -∆CT control -∆CT stimulus .
Materials and methods

Tissue
Immunohistochemistry. For immunohistochemistry, 10-µm cryo-sections were fixed with an ice-cold acetone-methanol mixture (1:1) for 10 min, blocked for autofluorescence with sudan black (1% in 70% ethanol) and for unspecific antibody-binding with 0.5% glycine/0.5% bovine serum albumin. Primary antibodies were applied overnight at 4˚C, secondary antibodies were incubated at 37˚C for 1 h, and nuclei were counterstained with DAPI (Sigma-Aldrich, Hamburg, Germany 
Results
Expression of stem cell factors in different malignancy grades of astrocytomas and primary and recurrent GBM.
We first investigated the expression of the stem cell factors in Figure 1 . mRNA expression of embryonal stem cell transcription factors in astrocytomas of different malignancy grades and matched primary and recurrent glioblastomas as measured by quantitative RT-PCR. The mRNA expressions of OCT4, Nanog, KLF4 and MYC were detected in astrocytomas of different malignancy grades (according to WHO classification) on moderate to high levels. SOX2 expression was remarkably lower or undetectable (9/28 samples) in matched primary and recurrent glioblastomas (samples derived from the same patient, respectively). In astrocytomas of different malignancy grades, OCT4 and MYC expression increased significantly in highly malignant astrocytomas (in comparison to the benign grade I astrocytomas). An increase of transcription with malignancy was also observed for KLF4. However, due to individual variances, this observation was not statistically significant. In contrast, Nanog was found at about equal levels in astrocytomas of all grades. In matched samples of primary and recurrent glioblastoma samples, the mean expression values for primary and recurrent tumors was stable except for MYC, that was slightly decreased in samples of recurrent tumors. Individual relations between matched primary and recurrent samples are displayed in Table I . For statistical analysis unpaired Student's t-tests for astrocytomas of different malignancy grades were performed and paired Student's t-tests for matched primary and recurrent samples.
astrocytomas of WHO grade I-IV, with IV representing the glioblastoma multiforme (GBM), and matched primary and recurrent glioblastomas (Fig. 1) . However, as increasing expression levels of SOX2 in astrocytomas with higher malignancy have already been described earlier by us and others (7, 30) , we restricted our analysis in astrocytomas to OCT4, Nanog, KLF4 and MYC. These were detectable on moderate to high levels in astrocytomas of all malignancy grades. However, for Nanog and KLF4, we found also a lack of expression in distinct samples. Comparable results were obtained for the transcription of Nanog, KLF4 and MYC in matched primary and recurrent glioblastoma samples. In these samples, we also investigated the transcription of SOX2, which was considerably lower, and could not be detected in 9/28 primary/recurrent glioblastoma samples. For OCT4 and MYC we observed a significant increase in mRNA expression in highly malignant astrocytomas (grade III and IV for OCT4 and grade IV for MYC) in comparison to the benign grade I astrocytomas. A trend to higher transcription levels in high grade astrocytomas was also visible for KLF4. However, due to high variances within the groups, these results were not statistically robust. In contrast, Nanog mRNA expression was hardly altered in astrocytomas of different grades in our sample cohort. In matched samples of primary and recurrent glioblastomas mean expression levels were not altered during progression from primary to recurrent glioblastomas except for MYC, which was found slightly decreased in recurrent samples. However, regarding the regulation profile of each patient's primary-recurrent pair, we found distinct patterns of upregulation and downregulation of stem cell markers (Table I , n-fold expression changes Figure 2 . Fluorescence immunostaining of stem cell markers with GFAP in primary and recurrent glioblastomas. Glioblastoma cryo-sections were immunostained for GFAP (red) and stem cell markers OCT4, Nanog, KLF4 and SOX2 (green). Stem cell marker expressing cells were found in small groups or clusters in GFAP-positive tumor regions. Most of these cells showed co-expression of GFAP, although merge of the fluorescence channels was not always observed due to different subcellular localization. However, stem cell marker expressing cells are quite rare (~5-10%, compare .
Relative expression values were assigned to grey scale shadings with equal expression in primary and recurrent tumor (corresponding to a relative expression value = 1) representing a 30% grey shading. Expression values >1 (higher expression in recurrent than primary tumor) were assigned with increasing grey shading, reaching black at 3-fold (or higher) induction. Expression values <1 (indicating lower expression in recurrent than primary glioblastomas) were assigned with lighter grey shadings, increasing to white shading for values reaching 0. If the expression of a gene was undetectable for one or both samples, the cells were left empty. Notably, downregulation was more frequently observed than upregulation. The sample cohort could be divided into two groups: οne group with clear upregulation (> 2-fold) of one or more stem cell factors, and the other group with predominantly downregulation.
between individual primary-recurrent pairs, which are numbered consecutively). Based on these observations, we distinguished one group of primary/recurrent pairs with one or more markers being clearly upregulated (>2-fold; Table I , upper part, pairs 1-6) from a second group showing no clear upregulation, or even downregulation of one or more stem cell markers in the recurrent tumor (Table I , lower part, pairs [7] [8] [9] [10] [11] [12] [13] [14] .
Interestingly, when analyzing a possible correlation of mRNA expression of individual investigated stem cell markers in both astrocytomas of WHO grade I-IV and matched primary and recurrent glioblastomas (Table ΙΙ) , significant positive correlations were restricted to individual marker combinations for most grades and the primary glioblastomas of the primary/recurrent pairs. In detail, astrocytomas grade I showed significant correlations between MYC and Nanog as well as MYC and KLF4 expression. In astrocytomas grade II we also observed a significant positive correlation between MYC and Nanog, whereas in astrocytomas grade III there was no correlation between the markers. In astrocytomas grade IV (glioblastomas) a significant positive correlation between KLF4 and MYC expression was detectable (Table IIA) . Thus, we could not observe a specific correlation pattern consistent to all astrocytoma malignancy grades. However, one has to keep in mind that the sample groups of astrocytomas grade I-III are quite small due to the limited availability of tumor tissue. Our further analysis of the cohort of matched primary/recurrent glioblastoma pairs revealed in the primary samples only a significant correlation between OCT4 and KLF4 expression, but remarkably, in recurrences several stem cell markers showed statistically significant correlations between their mRNA expression levels (e.g. OCT4-MYC, Nanog-MYC and Nanog-OCT4; Table ΙΙB) .
Taken together, embryonal and neural stem cell markers are expressed on mRNA level in astrocytomas of different WHO grades, and primary and recurrent glioblastomas. While OCT4 and MYC expression was elevated with increasing malignancy of astrocytomas, MYC expression was slightly reduced in recurrent tumors compared to the corresponding primary tumor. In addition, a correlation analysis of individual stem cell marker mRNA expression revealed sporadic significant positive correlations between Nanog-MYC or KLF4-MYC expression in glioma progression. Remarkably, significant positive correlations between Nanog or OCT4 with other embryonic stem cell factors were frequently found in glioma recurrence, potentially identifying these markers as highly important in glioma progression and recurrence. Apart from this, the regulation pattern of the matched patient samples revealed that upregulation or downregulation of stem cell markers in the progress of primary to recurrent glioblastoma occurs in an individual, probably patient-specific manner.
In situ expression and localization of stem cell factors. To investigate the localization and regional distribution and their potential alteration in glioblastoma progression, we prepared fluorescence stainings of OCT4, SOX2, KLF4 and Nanog using 3 pairs of matched primary and recurrent glioblastoma samples. The protein expression of MYC has carefully been described elsewhere to be evenly throughout the tumor (31). To identify tumor cells in more differentiated tumor regions, we co-stained for GFAP (glial fibrillary acidic protein). As exemplarily shown in Fig. 2 , all investigated markers could be detected on protein levels in glioblastoma cells. Remarkably, only a small subpopulation of tumor cells showed positive staining for the respective stem cell markers, and these cells were commonly found in small groups in GFAP positive tumor regions. To characterize the proliferative status of glioma cells expressing embryonic stem cell markers, we performed fluorescence double-stainings of OCT4, KLF4 and Nanog with MIB-1/Ki-67, which is a nuclear marker for all active cell cycle phases. Cells with positive staining for OCT4, Nanog or KLF4 did hardly show any MIB-1-signal in the nucleus. Very rare examples of double positive cells are shown in Fig. 3 . However, the vast majority of stem cell marker positive cells did not show staining of the proliferation marker MIB-1 (compare also Table ΙΙI). 
Co-expression of stem cell markers.
To comprehensively analyze the co-expression patterns of embryonic stem cell markers and also compare it to known neural/glioma stem cell markers, we performed fluorescence double-stainings of combinations of the markers OCT4, KLF4 and Nanog with SOX2 and Musashi-1, which are well documented neural/glioma stem cell markers. Representative examples are shown in Fig. 4 , and results are summarized in Table ΙΙΙ , which also includes the co-staining results with GFAP and MIB-1 in a semi-quantitative evaluation of 4 different glioblastoma samples, respecting the intra-and inter-individual variances. In fact, OCT4, Nanog and KLF4 were partly co-expressed with the other stem cell markers (OCT4, Nanog, KLF4, SOX2 and Musashi-1), but were also found to be expressed in single positive cells. Remarkably, most stem cell marker-expressing cells were also SOX2-positive, but KLF4-negative. When comparing these data to mRNA correlation analysis of investigated stem cell markers (Table ΙΙB) , it became apparent that Nanog and OCT4, which showed a positive mRNA correlation to KLF4, respectively, were also frequently co-expressed by the same cell types. Additionally, the missing correlation between KLF4 and SOX2 mRNA expression was underlined by an infrequent KLF4-SOX2 co-staining. Contrasting these findings, Nanog and OCT4, which positively correlated in mRNA expression, were rarely co-expressed. Additionally, a frequently observed co-staining of OCT4 and Nanog with SOX2 was not reflected in a positive correlation of the mRNA expression. Summarized, a heterogeneous picture results which leads to the statement that despite the evidence of a specific role of individual stem cell markers in glioma progression and recurrence, a 'master marker' which is common to all glioblastoma cells with stem cell characteristics, could not be identified. Figs. 2-4) . Although OCT4, KLF4 and Nanog expression was frequently observed in GFAP-positive tumor regions, single expression was more often observed than co-expression. Proliferatively active cells as indicated by the proliferation marker MIB-1/Ki-67 were rarely positive for KLF4, OCT4 and Nanog. Comparing the combinations with the neural stem cell marker Musashi-1, co-expressing cells were almost as frequent as single expressing cells. In combination with SOX2, OCT4 and Nanog were more likely co-stained, whereas KLF4 single-positive cells were more frequent than KLF4-SOX2 double-positive cells.
-----------------------------------------------------------------------------------------------------------------------------------------------------
In combinations of Nanog, OCT4 and KLF4 each combination and single expression occurred and was equally represented. However, the total account of embryonic stem cell marker was in the range of 5-10% respecting intratumoral and intertumoral variances.
• <5%; + >5%; ++ >10%; +++ >15%. pos, positive; neg, negative. 
Expression of stem cell factors in glioblastoma short-and long-term cultures and cell lines.
For further in vitro investigations, we analyzed the mRNA expression of the stem cell markers OCT4, SOX2, KLF4, MYC, Nanog and Musashi-1 in five commercially available glioma cell lines (A172, U118, U343, U373 and T98G) and two long-term cultures (A764 and A767) as well as four short-term human glioblastoma cultures (14/07, 25/07, 76/12 and 96/14). We found these markers to be expressed on moderate levels in nearly all investigated cell lines as well as in long-and short-term cultures, apart from T98G and 14/07 that rarely expressed Nanog (T98G and 14/07) and SOX2 (T98G), and also comparably low levels of Musashi-1 (T98G; Fig. 5A and B) . Interestingly, mRNA expression levels of different stem cell markers showed a surprising range of variation within commercial cell lines and short-and longterm cultures, but within this range cell lines were comparable to long-and short-term cultures. Thus, we chose established glioma cell lines, which are available unlimitedly and therefore solve the problem of limited access to tumor tissue, for further experiments. Experiments mainly focused on the ability to regulate stem cell factors upon extrinsic chemotherapeutic stress and upon intrinsic overexpression of respective stem cell transcription factors.
Regulation of stem cell factors by chemotherapeutics.
To investigate the influence of chemotherapeutics on the expression levels of stem cell markers, we chose A172 and T98G as exemplary glioma cell lines because A172 showed moderate to high expression levels of stem cell markers, and T98G showed low expression levels for Nanog and SOX2 (comparable to low expression levels of the short-term cultures 14/07 and 76/12). These cell lines were stimulated for 24 or 48 h with 50 µg/ml camptothecin, or 400 µg/ml temozolomide, the most commonly used chemotherapeutic in glioblastoma treatment; corresponding DMSO concentrations were used for stimulation of solvent controls and used to determine expression changes. For MYC, SOX2 and Musashi-1 we did not observe any significant regulation of the mRNA expression level (data not shown). In contrast, in T98G cells, the expression level of OCT4 was significantly elevated 4.2-fold (±4.3 SD) after 48 h (Fig. 5C ). This effect was even more pronounced upon stimulation with camptothecin, but due to high variations not significant. In A172 cells, OCT4 mRNA expression was regulated neither by temozolomide nor by camptothecin. Nanog, which was hardly detectable in unstimulated T98G cells, was found to be increased. However, the proximity to the detection limit has to be kept in mind, thus the data are transparently shaded. In temozolomide-treated A172 cells (48 h), Nanog was significantly but only slightly increased (2.6-fold±0.7 SD), whereas camptothecin yielded no significant effect. Contrasting these slight or little robust expressional changes of OCT4 and Nanog, KLF4 was significantly induced by both temozolomide and camptothecin in T98G and A172 cells. Showing a significant induction after 24 h already, temozolomide yielded a 17.1-fold (±14.0 SD), and camptothecin a 40.9-fold (±37.8 SD) upregulation after 48 h. In A172 cells, an upregulation to 17.7-fold (±24.4 SD) by temozolomide, and to 13.1 (±13.2 SD) by camptothecin was induced after 48 h. . Glioblastoma cryo-sections were immunostained for OCT4, Nanog and KLF4 in each possible combination, and with Musashi-1 and SOX2. In every staining combination, co-expressing cells and single-positive cells for both antigens were observed. However, OCT4 and Nanog were more likely co-expressed with SOX2, while expression of OCT4, Nanog and KLF4 without SOX2 was rare (compare also Summarized, we observed an induction of the embryonic stem cell markers Nanog and KLF4 (and partly OCT4) in glioma cell lines upon chemotherapeutic stress. Surprisingly, this effect is more pronounced in T98G cells, where baseline expression of stem cell markers is comparably low. Among the investigated stem cell markers, KLF4 is most robustly regulated in both glioma cell lines upon extrinsic cytotoxic challenge with camptothecin or temozolomide.
Regulation of stem cell markers by overexpression of transcription factors SOX2, KLF4 or OCT4. Having observed this limited but specific plasticity regarding stem cell marker regulation upon extrinsic challenge, we investigated, if stem cell marker expression might be regulated by intrinsic alteration of stem cell transcription factors SOX2, KLF4 and OCT4. Thus, we performed overexpression experiments with stem cell marker low expressing T98G cells using expression vectors for the respective transcription factors (Fig. 6) . Successful transfection was proven either by quantitative RT-PCR (OCT4, 43.6-fold induction ±34.2 SD; KLF4, 50.4-fold induction ±36.8 SD) or in case of SOX2 by immunocytochemistry (insert in Fig. 6 ). While some genes are quite evenly expressed on high, moderate or low levels, like MYC, OCT4 and KLF4, other genes like Nanog, Musashi-1 and SOX2, are more differentially expressed in different cell lines. (B) In short-term glioblastoma primary cultures mRNA expression levels of stem cell markers were comparable to those in commercial cell lines and long-term cultures concerning expression intensity and variability. (C) The glioblastoma cell lines T98G and A172 were stimulated with the cytotoxic drugs temozolomide (400 µg/ml) or camptothecin (50 µg/ml) for 24 and 48 h, respectively, and the regulation of stem cell marker transcription was analyzed by quantitative RT-PCR. Altered gene expression was partly observed for OCT4, Nanog and KLF4, which are displayed as n-fold expression in comparison to the solvent control treated with equal volumes of DMSO. Most robust expression changes were observed for KLF4, which was significantly induced in both cell lines after stimulation with temozolomide or camptothecin. Stimulations were performed in n=3 independent experiments, and a paired Student's t-test was used for statistical analysis.
The overexpression of these transcription factors did not yield a significant regulation (induction or reduction) of other stem cell markers investigated (SOX2, KLF4, OCT4, MYC, Nanog and Musashi-1), apart from Musashi-1, which was only very slightly induced (1.8-fold±0.7 SD) upon KLF4 overexpression.
Taken together, the embryonic stem cell transcription factors SOX2, MYC, OCT4, KLF4 and Nanog are expressed in astrocytomas of different malignancy grades as well as in primary and recurrent glioblastomas in a very distinct, probably patient specific expression pattern. Positive correlations between mRNA expression levels of stem cell markers were more pronounced in recurrent glioblastomas, while in situ co-expression occurs in a complex manner, which did not necessarily match the mRNA correlation results. In vitro, stem cell markers were expressed in established cell lines as well as in glioblastoma short-and long-term cultures. The factors were partly regulated by extrinsic chemotherapeutic challenge but not by intrinsic overexpression of the respective transcription factors.
Discussion
One major concept of tumor development, progression and recurrence is the cancer stem cell hypothesis that postulates the existence of a subpopulation of cancer cells with stem cell properties (like unlimited self-renewal and asymmetric division) within a heterogeneous tumor. Targeting these stem-like cancer cells would be highly desirable, as they are supposed to give rise to recurrences and metastases, e.g. after resection and adjuvant treatment. However, although the existence of tumor cells with stem cell character and the initiation of tumors, recurrences and metastases by tumor cells with stem cell properties have been proven for a multitude of tumors (32) (33) (34) (35) , to date strategies for clear identification in situ and subsequent systematic targeting of these putatively recurrence-initiating cells in vivo are still missing. In glioma, CD133 was the first marker being identified for glioma stem-like and initiating cells. CD133 is a pentaspan glycoprotein, which is physiologically expressed by neural, hematopoietic and endothelial stem cells (36, 37) . However, later investigation showed that CD133-negative glioma cells may also have cancer stem cell characteristics such as highly tumorigenic potential (reviewed in ref. 38) , and can switch to CD133 expression when they meet the appropriate environment and conditions (39, 40) . Thus, glioma stem-like cells might be better identified and targeted by their ability to divide unlimitedly and give rise to multifaceted progeny, which can be compared to the pluripotency of embryonic stem cells.
Regarding the fact that as few as four transcription factors can induce pluripotency in differentiated fibroblasts (11), we analyzed mRNA expression of the transcription factors KLF4, OCT4, MYC and SOX2, as well as Nanog, the read out of successful iPSC generation, in astrocytomas of different malignancy grades as well as in matched primary and recurrent glioblastomas by quantitative RT-PCR. We showed, that for most genes transcription was detectable on moderate to high levels in all investigated tumor grades and stages. However, in some individual cases, KLF4, SOX2 and/or Nanog were not detectable. We observed a significant increase in mean mRNA expression for OCT4 in highly malignant astrocytomas (grade III and IV) in comparison to the benign grade I astrocytoma and a slight but significant increase of MYC in grade IV astrocytomas (GBM). For KLF4, an increased transcription was also observed, but due to individual variance statistical robustness could not be proven. An increased expression of SOX2 with increased malignancy of astrocytomas has been reported by us in an earlier study (7) . These findings are in line with analysis of Guo et al (41) , showing increased protein levels of OCT4 and SOX2 in malignant astrocytomas. They also show increasing expression of Nanog, however, we could not confirm these findings on mRNA level in our sample cohort. Other studies even pointed to higher Nanog levels in astrocytomas and oligodendrogliomas of grade III compared to glioblastomas (42) .
Regarding the mean mRNA level in primary and recurrent glioblastomas, we did not observe any significant changes except for MYC, and this mean reduction was comparably mild and with high interindividual variance (ranging from 19 to 217%). Interestingly, regarding the individual differences between the matched primary and recurrent samples from the same patients (compare Table I ), the cohort could be divided into one group with clear upregulation (>2-fold) of at least one stem cell marker and one group showing predominantly decreased marker transcription. The frequent decrease of stem cell factor expression in recurrences is surprising, as glioma aggressiveness and ability to relapse is often addicted to stem cell properties. Especially the expression of MYC, which was decreased in 11/14 pairs of our matched primaryrecurrent cohort, is known to be significantly increased in CD133-positive glioma stem cells. Depletion of CD133 inhibits growth of glioma stem cells, induces apoptosis, reduces ability to glioma sphere formation and inhibits the tumor formation in a murine xenograft model (43) . Additionally, high expression levels especially of Nanog, but also of MYC and KLF4 were associated with shorter survival times in a cohort of low and high grade gliomas of different histopathological subtypes, indicating that these embryonic stem cell factors significantly attribute to the clinical outcome of gliomas (8) . However, as we for the first time address matched primary and recurrent gliomas, our observations of frequently decreased stem cell factor expression emphasizes a broader view on individualized stem cell factor expression and regulation during progression.
A correlation analysis between stem cell marker expression levels within the investigated malignancy grades and the primary and recurrent glioblastoma cohort revealed distinct positive correlations between individual stem cell marker pairs. Interestingly, in recurrences we observed most frequently significant positive correlations between stem cell marker expressions apart from SOX2.
These correlative findings could, at least in parts, be underlined by co-stainings of the stem cell factors with SOX2, Musashi-1 and in comparison to each other. Here, we observed on the protein level double stainings for each possible combination but also frequent single expression patterns. Remarkably, especially the significantly positive correlated embryonic stem cell marker pairs like KLF4-OCT4 and KLF4-Nanog were also frequently co-expressed. In contrast to this, less frequent co-expression was observed for the pair Nanog-OCT4, although their expression also positively correlated. Frequent co-expression was observed for SOX2 with the other embryonic stem cell factors, although there was no correlation observed on mRNA level. In earlier studies, a co-expression of Nanog and CD133, and its positive correlation to malignancy grade was reported (44) . However, based on our observations, a 'master marker', which uniquely identifies all glioma cells with stem cell characteristics, cannot be defined.
Concerning the intratumoral distribution of embryonic stem cell factors, we observed immunoreactivity for KLF4, OCT4, Nanog and SOX2 in small groups or clusters of cells even within GFAP-positive tumor glioblastoma regions, irrespective of primary or recurrent glioblastoma samples. However, in general embryonic stem cell-like expression signature is more likely observed in poorly differentiated tumors, and the SOX2 expression is known to decrease upon differentiation in vitro (45, 46) . Concerning co-stainings with the proliferation marker MIB-1/Ki-67, glioma cells expressing the embryonic transcription factor SOX2, like those expressing neural stem cell markers CD133, Nestin and Musashi-1, are rarely actively proliferating (7) . Accordingly, we hardly observed any glioma cells expressing OCT4, KLF4 or Nanog with nuclear staining for MIB-1/Ki-67. The majority of stem cell factor positive cells was negative for MIB-1/Ki-67 and also negative for GFAP (though in GFAP-positive regions). These findings hint to an undifferentiated, non-proliferative/resting status of embryonic stem cell factor expressing cells, which is supported by the findings of Holmberg et al (47) concerning SOX2.
In gliomas and other tumors, the expression and regulation of embryonic stem cell markers seems to be critical for the maintenance of tumor stem-like/initiating cells (48) (49) (50) (51) . The induction of the stem cell factors MYC, KLF4, OCT4, Nanog and SOX2 by hypoxia has been reported for various established cancer cell lines (52) . This report also shows an upregulation of OCT4, Nanog and MYC in primary human glioma cells in hypoxic conditions, and an enhanced formation of neurospheres (52) . Further investigations demonstrated that signaling of the receptor tyrosine kinase MET/hepatocyte growth factor receptor HGFR could induce the expression of OCT4, KLF4 and Nanog (53) . We could additionally show that OCT4, KLF4 and Nanog are at least partly induced upon extrinsic chemotherapeutic treatment. These effects were more prominent in the glioma cell line T98G, which initially showed low expression levels of Nanog, Musashi-1 and SOX2. In this cell line we performed also overexpression experiments with KLF4, OCT4 and SOX2. However, although silencing of OCT4 also provoked downregulation of SOX2 and reduced the tumorigenicity in vitro and in vivo (48), we could not observe any robust regulatory influence of intrinsic overexpression on the expression on any other embryonic or neural stem cell marker. However, recent studies have shown that glioma stem-like cells could be generated by expression of SOX2, OCT4 and Nanog in patient derived glioma cell lines showing neurosphere formation and chemotherapy resistance (54) . Taken together, these results implicate that the expression of stem cell factors is altered due to the environmental conditions, so that these conditions, e.g. hypoxia, therapeutic challenge, may influence on the glioma progression.
In conclusion, the embryonic stem cell factors KLF4, OCT4, SOX2, MYC and Nanog are differentially expressed in human astrocytomas and glioblastomas and individually regulated in glioblastoma progression. Their mRNA expression levels partly correlate with each other, especially in recurrent glioblastomas. Staining of stem cell factors in glioblastoma sections occurs solo or in combinations and is restricted to a heterogeneous subpopulation of glioblastoma cells with limited proliferation activity. In correlation analysis and co-stainings, a 'master-marker' defining the complete glioma stem cell subset could not be defined. However, the clear inductions of some stem cell markers and positive correlations especially in recurrent glioblastomas underline the importance of embryonic stem cell factors in glioma progression and recurrence. Extrinsic application of chemotherapeutics but not intrinsic inductions of stem cell transcription factors regulate subsets of stem cell markers. As stem cell markers and transcription factors control self-renewal and tumorigenic potential and therefore glioma progression and recurrence, they may serve as a promising future target for diagnostics and novel therapeutic approaches.
